Abstract The central ridge structure of a first-order reversal curve (FORC) distribution is indicative of uniaxial noninteracting single domain magnetic particles, which provides the opportunity to identify and characterize biogenic magnetic mineral remains (magnetofossils) in sediments. Recent studies have shown that magnetofossils are widespread in the geological record and that they carry useful environmental information and contribute to paleomagnetic recording, which makes it essential to quantify how these biogenic components contribute to the magnetic properties of sediments. We present results from six sedimentary sequences whose magnetic mineral assemblages contain a significant magnetofossil contribution. Using principal component analysis, we find that the central ridge properties exhibit both intra-sequnce and intersequence variability that may be ascribed to external environmental factors. While samples from individual sediment sequences tend to cluster together, there is a continuum of inter-sequence behavior that appears to be related to a variety of magnetofossil properties. We demonstrate the complexity of biogenic magnetic components in sedimentary environments, but also the power and potential of FORC central ridges for understanding magnetic mixtures and unraveling environmental information.
Introduction
Magnetotactic bacteria synthesize chains of permanent nanomagnets, which provide a means to orient themselves using Earth's magnetic field and locate optimal living conditions [Blakemore, 1975; Blakemore et al., 1980; Kirschvink, 1980; Bazylinski and Frankel, 2004; Simmons et al., 2006] . The efficiency of this magnetotaxis process is increased through synthesis of magnetite or greigite crystals that occur in the ideal stable single domain (SSD) magnetic size range with high spontaneous magnetization [Kopp and Kirschvink, 2008; Muxworthy and Williams, 2009] . In recent years, several techniques have been developed to identify, characterize, and quantify different magnetofossil (the inorganic remains of magnetotactic bacteria) populations within sedimentary magnetic mineral assemblages. It has been shown that both magnetofossil morphology and abundance respond to environmental factors and, thus, have potential to act as paleoclimatic and paleoceanographic proxies [Hesse, 1994; Lean and McCave, 1998; Yamazaki and Kawahata, 1998; Just et al., 2012; Roberts et al., 2011; Yamazaki, 2012] .
When suitable preservation conditions exist in sediments, magnetofossils can carry paleomagnetic information [Tarduno et al., 1998; Abrajevitch and Kodama, 2009; Roberts et al., 2012; Heslop et al., 2013; Roberts et al., 2013a] . Under some circumstances, however, the contribution of magnetofossils to sedimentary remanent magnetizations can be detrimental to the recovery of high-fidelity paleomagnetic information. For example, variations in magnetofossil magnetic properties and relative abundance through time violate the assumption of a constant magnetic mineralogy that is essential to estimate sedimentary relative paleointensities [Tauxe, 1993; Roberts et al., 2013b; Yamazaki et al., 2013] . Additionally, if magnetotactic bacteria lived below the sedimentary surface mixed layer, they can give rise to a biogeochemical remanent magnetization that is much younger than the sediments that host the magnetofossils, which will complicate paleomagnetic recording [Tarduno et al., 1998; Abrajevitch and Kodama, 2009; Roberts et al., 2013a] .
Given the important environmental information carried by magnetofossils and their contribution to paleomagnetic recording, it is essential to understand the natural variability of their magnetic properties. Our current interpretational framework for identifying magnetofossils depends on recognition of discrete biogenic components with different coercivities [Egli, 2004] . Magnetically distinct groups of magnetofossils were identified by Egli [2004] in both lacustrine and marine settings and have now been reported in a variety of sediments Lascu and Plank, 2013; Ludwig et al., 2013; Roberts et al., 2013a] . Egli [2004] proposed the existence of biogenic soft (BS) and biogenic hard (BH) components, which he interpreted to correspond to different magnetosome morphologies whose presence is controlled by environmental factors. Additionally, Egli [2004] demonstrated that the coercivity distributions of biogenic magnetic components in marine and freshwater sediments could be different, again supporting the idea that magnetofossil properties reflect the respective environmental setting. Subsequent studies have tested this hypothesized dependency using transmission electron microscope (TEM) imaging to draw links between magnetofossil morphology and coercivity [Yamazaki and Ikehara, 2012; Lascu and Plank, 2013] . An open question remains, however, as to the level of natural variability that can be expected in the properties of different magnetofossil components and their combined populations.
First-order reversal curve (FORC) diagrams provide detailed information concerning the distribution of coercivities and interaction fields in fine magnetic particle systems [Pike et al., 1999; Roberts et al., 2000] . Pike et al. [1999] demonstrated that magnetically noninteracting SSD particles produce a characteristic ridge along the coercivity (B c ) axis of a FORC distribution. An exact FORC model for randomly oriented, noninteracting, elongated SSD particles exhibiting coherent rotation of magnetization with changing applied field was provided by Newell [2005] , which demonstrates that such an SSD assemblage would produce an infinitely sharp ridge along the B c axis, corresponding to the switching fields of individual particles. In turn, Egli et al. [2010] developed an experimental protocol to measure and isolate this feature, termed the ''central ridge'', from a high-resolution FORC distribution.
FORC central ridges are indicative of noninteracting SSD particles and, therefore, are well suited to isolate the contribution of magnetofossils to mixed magnetic mineral assemblages. While the model of Newell [2005] considered isolated SSD particles, the individual crystals in magnetosome chains are flux linked so that the whole chain behaves like an elongated SSD particle [Penninga et al., 1995; Dunin-Borkowski et al., 1998; Hanzlik et al., 2002; Muxworthy et al., 2006; Muxworthy and Williams, 2009] . Thus, although the individual magnetic particles in a chain interact strongly with their neighbors, they will still contribute to the narrow central ridge because the measured response is for the entire chain, which does not interact with other chains. These insights have made the FORC central ridge a key tool for remote sensing of magnetofossils [Yamazaki, 2009; Roberts et al., 2011 Roberts et al., , 2012 Roberts et al., , 2013a Larrasoaña et al., 2012; Yamazaki, 2012; Channell et al., 2013; Heslop et al., 2013; Ludwig et al., 2013] . In many cases, however, even if a FORC distribution contains a statistically significant central ridge [Heslop and Roberts, 2012a] , the presence of biogenic magnetic particles is best confirmed by TEM imaging.
Using marine sediment samples that are known to contain magnetofossils, we have investigated the different biogenic contributions to FORC central ridges. We present a principal component analysis (PCA) that elucidates the internal structure of the central ridge data set and allows the relationship between different samples and sediment sequences to be visualized. Our aim is to facilitate extraction of as much information as possible from FORC central ridges and to enable more complete interpretation of sedimentary magnetic particle assemblages.
Sample Material
Thirty-seven samples were selected from three locations in the Southern Ocean (Figure 1 Geochemistry, Geophysics, Geosystems Roberts et al. [2011 Roberts et al. [ , 2012 Roberts et al. [ , 2013a , Heslop and Roberts [2012b] , and Larrasoaña et al. [2012] . TEM imaging has confirmed the presence of magnetofossils throughout these studied intervals [Roberts et al., 2011; Larrasoaña et al., 2012] . [Gingele et al., 2001; Gingele and De Deckker, 2004; Spooner et al., 2011; Stuut et al., 2014] . A rock magnetic investigation, including high-resolution FORC diagrams and TEM imaging, reported by Heslop et al. [2013] demonstrated that magnetofossils are present throughout core MD00-2361, but that they dominate the magnetic mineral assemblage during glacial intervals. For this study, four samples (two glacial, two interglacial) were selected from core MD00-2361.
Methods
Hysteresis loops, backfield demagnetization curves and FORC measurements were performed with Princeton Measurements Cooperation vibrating sample magnetometers at various institutions. FORC measurements were made following the high-resolution measurement protocol defined by Egli et al. [2010] and FORC distributions were calculated using the VARIFORC method of Egli [2013] with smoothing parameters appropriate for samples containing a central ridge (s c,0 5 7, s b,0 5 3, s c,1 5 s b,1 5 7, and k 5 0.07). All FORC measurements were processed with the same smoothing parameters to ensure consistency. Thus, although the selected smoothing parameters may not have been optimal for a given sample, they were deemed optimal for the ensemble of all samples. Where necessary, weakly magnetized samples were measured repeatedly and the measurements averaged to increase the signal-to-noise ratio.
Central ridge signatures were extracted from the measured FORC distributions using the approach of Egli et al. [2010] . This involved constrained least squares fitting [Lawson and Hanson, 1974] of vertical profiles through each FORC distribution to separate the Gaussian-like central ridge feature from a continuous background produced by a combination of interacting SSD particles, larger pseudosingle domain and multidomain particles and reversible SSD contributions. To compensate for inter-sample differences in magnetic mineral concentration, each extracted central ridge was normalized to sum to unity. The normalized central ridges were combined into a single matrix (one central ridge per row), centered (each column has its mean subtracted), and subjected to PCA using the singular value decomposition-based MATLAB princomp function.
Ludwig et al. [2013] noted that FORC central ridges may not provide a full representation of the entire magnetofossil population within a magnetic mineral assemblage. For example, magnetosome chains may undergo postmortem collapse [McNeill and Kirschvink, 1993] , producing interactions that result in vertical spreading of the FORC distribution away from the central ridge [Kind et al., 2011; Li et al., 2012] . Alternatively, some magnetotactic bacteria contain more than one magnetosome chain [Hanzlik et al., 2002] . If
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these magnetofossils retain their original configuration after burial they may not contribute to the FORC central ridge.
Results
The hysteresis characteristics of the complete sample set are shown in a ''Day plot'' [Day et al., 1977] (Figure 2) . The samples form a narrow distribution that trends from close to the SSD field to the center of the pseudosingle domain (PSD) field. Such a trend is indicative of magnetic mineral assemblages that contain mixtures of SSD and coarser particles [Dunlop, 2002; Heslop and Roberts, 2012b] and is characteristic of sediments that contain varying abundances of magnetofossils .
The 46 analyzed sediment samples all exhibit clear FORC central ridge signatures, which confirms that their magnetic mineral assemblages contain significant proportions of noninteracting SSD particles (Figure 3 ). The majority of the FORC distributions contain vertical spreading at low B c values, which is attributed to both inter-particle magnetic interactions and the presence of large (PSD and multidomain) detrital magnetic particles. While some of the extracted central ridges still contain a clear contribution from measurement noise (e.g., LC07, Figure 3j ), inspection of their forms reveals both intra-sequence and inter-sequence variability. PCA [Jolliffe, 2002] helps to elucidate the internal structure of the collection of central ridges by representing the data through a combination of linearly uncorrelated loadings (the principal component coefficients) and scores (the location of individual central ridges in the principal component space). Thus, PCA provides an alternative coordinate system in which the largest mode of data variability is projected onto the first principal component, the second greatest mode of variability is projected onto the second coordinate, etc. Here the first two principal components explain >95% of the total variance of the central ridge data set (Figure 4 ). Given this high value, we discard the remaining principal components and investigate the internal structure of the central ridge data set based on the representation provided by the leading two principal components. Such a low-rank approximation is advantageous because it is simple to visualize and is not unduly influenced by measurement noise (which will predominantly reside in the discarded principal components).
Principal component scores of the individual central ridges are shown in Figure 5 . The samples from the studied sediment sequences cluster in a coherent manner, although with some intra-sequence variability. To help illustrate the properties of the score space, skewed generalized Gaussian (SGG) mixing models for three components [Egli, 2003 [Egli, , 2004 were estimated (in log field space) for four points (A-D) located on the two principal components. Following earlier analyses of magnetic mineral assemblages dominated by magnetofossils, the three fitted SGG components are thought to represent the noninteracting SSD fraction of the detrital and extracellular (D1EX) particle assemblages and two separate biogenic components with low and high coercivities [Egli, 2004; Yamazaki, 2012; Yamazaki and Ikehara, 2012; Ludwig et al., 2013] . While such mixing models can suffer from nonuniqueness, they are employed here only to demonstrate principal component trends, which are based solely on the central ridge data set.
The principal component loadings map the normalized central ridges to the principal component scores. To demonstrate the relationship between the two leading principal components, we plot them against each other (Figure 6a ) to illustrate how they coevolve from low to high fields. The loadings have a smooth trend [Day et al., 1977] for the 46 studied sediment samples. The data follow a trend through the pseudosingle domain (PSD) field toward the multidomain (MD) field, which is consistent with the sedimentary magnetic mineral assemblages being composed of SSD magnetofossils and coarser detrital particles.
Geochemistry, Geophysics, Geosystems that passes from the fourth quadrant at low fields, through the first and second quadrants, to the third quadrant at the highest fields. To illustrate how the field-specific loadings are related to different magnetic mineral contributions, a three-component SGG model was fitted to the central ridge obtained from averaging all 46 samples. The relative contribution of each SGG component to the average central ridge was then calculated as a function of field ( Figure 6b ). As with the earlier SGG models, this mixing representation may suffer from nonuniqueness, but it provides a qualitative guide to relate the principal component loadings to different magnetic mineral components. For example, low field loadings in the fourth quadrant are expected to predominantly represent a D1EX contribution, the first and second quadrants represent increasing relative contributions from soft and hard biogenic components, while the third quadrant is dominated by a hard biogenic contribution. (a-e) Example high-resolution FORC distributions from each of the studied sites calculated using the VARIFORC algorithm [Egli, 2013] with parameters suitable for FORC distributions that contain a central ridge (s c,0 5 7, s b,0 5 3, s c,1 5 s b,1 5 7, and k 5 0.07). Central ridges (f-j) were extracted from the 46 FORC distributions using the method of Egli et al. [2010] . Some of the FORC distributions exhibit smoothing artifacts at high coercivities (e.g., Figure 3a) ; however, the extraction technique developed by Egli et al. [2010] helps to protect against these features being included in the estimated central ridges. The noisy nature of some of the central ridges is due to measurement noise in the original measurements, for example, Figures 3e and 3j . Each ridge has been normalized so that the data values sum to 1.
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Discussion
Our PCA reveals an apparent continuum of mixtures between a low coercivity D1EX component and biogenic magnetite components and their relative abundances, with varying degrees of intra-sequence variability. Sediments from ODP Holes 689D and 690C have similar central ridges ( Figure 3f ) and are tightly clustered in the principal component space ( Figure 5 ). Scores for these samples are in the first quadrant, which correspond to a large D1EX component, softer biogenic particles, and a minimal contribution from harder biogenic particles ( Figure 5 ).
Central ridges from ODP Hole 738B have highly variable shapes (Figures 3g and 5 ), but still occupy an isolated region of the principal component space. Using low-temperature measurements, Chang et al. [2013] identified a shift to harder biogenic contributions through the ODP Hole 738B sediment sequence, which they attributed to increased numbers of intact magnetosome chains with elongated morphologies that formed under less oxic conditions. The principal component scores of these less oxic samples are located in the lower part of the second quadrant, while the more oxic sediments are positioned on the boundary between the first and second quadrants ( Figure 5) . Examination of the loadings (Figure 6a) indicates that the trend observed by Chang et al. [2013] is consistent with the principal component representation, which also indicates a shift to biogenic particles with higher coercivities in the less oxic sediments (i.e., a shift from weakly positive to strongly negative scores on the leading principal component).
The PETM samples from ODP Hole 738C lie in a distinct cluster with respect to the younger Eocene samples from ODP Hole 738B ( Figure 5 ). The data trend from the second to the fourth quadrants and correspond to a trend from hard biogenic particles to a relative increase in D1EX particles, respectively. Larrasoaña et al. [2012] demonstrated that magnetofossil production and magnetosome grain size varied rapidly through the PETM. Such high-frequency variability would explain the scattered scores for the PETM samples, which follow a different trend to the more oxic-less oxic pattern observed in the younger sediments from ODP Hole 738B.
Samples from Mediterranean core LC07 have scores that plot in the third quadrant and are distinct from the other studied sediment sequences. The LC07 sediments contain a significant detrital magnetite contribution [Dinarès-Turell et al., 2003] ; however, this component is coarse grained and, therefore, will make a minimal contribution to the extracted central ridges. TEM imaging of magnetofossils from LC07 revealed both elongated (e.g., prismatic) and more equant (i.e., cuboidal) morphologies [Dinarès-Turell et al., 2003] , which are expected to span a range of coercivities [Phatak et al., 2011; Lascu and Plank, 2013] . The location of the LC07 data in principal component space implies a magnetic assemblage with a relatively abundant hard biogenic component, which is consistent with the LC07 central ridges extending to high fields (Figure 3j ). The relatively tight clustering of the LC07 scores indicates that the samples have similar magnetic mineral contributions to their FORC central ridges. Given the small number of analyzed samples (n 5 5), however, it is not currently feasible to attribute any environmental significance to this tight clustering. Heslop et al. [2013] demonstrated that, while the magnetic mineral assemblage of interglacial sediments from core MD00-2361 contains magnetite magnetofossils, they are dominated by detrital material. In Figure 4 . Scree plot of central ridge variance explained by each of the first five principal components. In combination, the leading two principal components (73% and 23%) explain >95% of the total central ridge variance and are, therefore, employed to provide a low-rank representation of the data set.
Geochemistry, Geophysics, Geosystems contrast, glacial sediments were deposited at times when riverine detrital flux was minimal, and contain a high abundance of magnetofossils. This pattern is consistent with the four analyzed MD00-2361 central ridges, which provide evidence for a large difference between glacial (third quadrant, detrital poor and overall harder biogenic) and interglacial (fourth quadrant, detrital rich and overall softer biogenic) cases. The glacial-interglacial shift in central ridge properties for core MD00-2361 provides a clear example of environmental control on magnetofossil properties. [Egli, 2003] . The three SGG curves are used to represent the noninteracting SSD fraction of the D1EX (blue), the lower coercivity biogenic (B lc, green), and the higher coercivity biogenic (B hc, red) components, respectively. Evolution of the magnetic mineral assemblage along PC1 (positions A to B) and PC2 (positions C to D) is shown in the top plot in terms of increasing (upward arrows) and decreasing (downward arrows) relative abundances of the specified components.
Geochemistry, Geophysics, Geosystems To summarize, central ridge data from the various studied sediment sequences plot in distinct regions of the principal component space, which indicates that the magnetic properties of biogenic magnetite assemblages are highly variable rather than being fixed. This is supported by the work of Egli [2004] , who found consistent biogenic soft (BS) and biogenic hard (BH) components across a wide variety of sediments, but also reported lower coercivity biogenic components in marine sediments (attributed to differences in magnetosome morphologies of marine and freshwater magnetotactic bacteria). Additionally, by unmixing isothermal and anhysteretic remanent demagnetization curves, Lascu and Plank [2013] demonstrated that magnetofossil components in lake sediments occupy a spectrum of hardnesses with median coercivities spanning 20-80 mT. On the basis of detailed TEM analysis, Lascu and Plank [2013] suggested that the coercivity of different biogenic components is, at least partially, controlled by grain morphology, with equant (elongated) particles being softer (harder). This empirical observation is supported by theoretical calculations, which indicate that shape and separation of individual crystals in magnetosome chains exert a strong control on chain coercivity [Phatak et al., 2011] . Allied to magnetosome morphology is chain length, which is difficult to assess in natural sediments because chains are usually disrupted during TEM sample preparation. Micromagnetic calculations for simple chain structures have, however, revealed that magnetosome coercivity will increase rapidly with chain length, but will reach a maximum at lengths of <10 particles [Muxworthy and Williams, 2009] .
It is apparent that several factors, including magnetofossil morphology, chain length, chain preservation, and postmortem oxidation, could explain the coexistence of multiple, magnetically distinct, biogenic components. TEM imaging of the sediments analyzed in this study revealed biogenic magnetite particles with a variety of typical magnetosome morphologies, including octahedra, elongated prisms, bullets and teardrops, some of which remained arranged in short chains after extraction from the sediment [Dinarès-Turell et al., 2003; Roberts et al., 2011; Larrasoaña et al., 2012; Roberts et al., 2012; Heslop et al., 2013] . The PCA presented here indicates that such factors, in concert with changes in the relative abundances of different magnetofossil components, can explain both intra-sequence and inter-sequence variability in central ridge form.
If magnetofossil properties, such as magnetosome morphology, are controlled by external environmental factors, further quantification of FORC central ridges has potential for paleoclimatic and paleoceanographic reconstruction [Hesse, 1994; Roberts et al., 2012; Chang et al., 2013] . Additionally, unrecognized changes in magnetofossil type and abundance could have a detrimental effect on interpretation of sedimentary relative paleointensity signals Yamazaki et al., 2013] . In the context of collections of FORC Figure 6 . (a) Loadings for the leading two principal components (PC1 and PC2). For clarity, only every fifth data point is shown with a symbol, but the line connecting the symbols contains all data. To show how the loadings evolve between the lowest and highest considered magnetic fields (5.5 and 100 mT, respectively), the magnetic fields at which the loadings pass between quadrants are marked. (b) Relative contributions of three SGG components (blue 5 D1EX, green 5 lower coercivity biogenic, and red 5 higher coercivity biogenic) to the mean central ridge for all studied samples as a function of field. This model provides a basic relationship between magnetic field and the relative abundance of each magnetic mineral component to aid interpretation of the principal component loadings (the points in Figure 6a are color-coded according to which component is dominant in the mean central ridge model). The principal component representation does not assume that the coercivity distributions of the components are fixed; therefore, it is possible for individual components to become harder or softer at different locations in the principal component space.
Geochemistry, Geophysics, Geosystems distributions for sediment samples, central ridge analysis of the type presented here will be useful for quantifying the influence of such factors on paleomagnetic recording.
Conclusions
We have measured and analyzed FORC central ridge signatures for 46 samples from six sediment sequences. In excess of 95% of the central ridge variance is represented by the leading two principal components, which provides a low-rank approximation of both intra-sequence and inter-sequence variability for the studied samples. Data from each sediment sequence occupy a distinct region of the principal component space, which indicates that magnetofossil morphology and abundance are highly variable and are related to local conditions. If magnetofossil properties, such as morphology, are controlled by external environmental factors, further quantification of FORC central ridge signatures could become an important tool for paleoclimatic and paleoceanographic reconstruction [Hesse, 1994; Lean and McCave, 1998; Yamazaki and Kawahata, 1998; Roberts et al., 2011; Chang et al., 2013] . Additionally, changes in magnetofossil type and abundance could be important for interpretation of sedimentary relative paleointensity signals Yamazaki et al., 2013] . In the context of collections of sedimentary FORC distributions, central ridge analysis of the type presented here will be useful for quantifying the influence of these factors on paleomagnetic recording.
